Major changes in bacterial physiology including biofilm and spore formation involve signaling by the cyclic dinucleotides c-di-GMP and c-di-AMP. Recently, another second messenger dinucleotide, c-AMP-GMP, was found to control chemotaxis and colonization by Vibrio cholerae. We have identified a superregulon of genes controlled by c-AMP-GMP in numerous Deltaproteobacteria, including Geobacter species that use extracellular insoluble metal oxides as terminal electron acceptors. This exoelectrogenic process has been studied for its possible utility in energy production and bioremediation. Many genes involved in adhesion, pilin formation, and others that are important for exoelectrogenesis are controlled by members of a variant riboswitch class that selectively bind c-AMP-GMP. These RNAs constitute, to our knowledge, the first known specific receptors for c-AMP-GMP and reveal that this molecule is used by many bacteria to control specialized physiological processes.
T hree major types of cyclic dinucleotide second messengers have been discovered in biological systems. The first to be found was c-di-GMP (Fig. 1A, Top) , which serves as a regulator of diverse physiological changes in most bacterial lineages (1) . The second, c-di-AMP (2) , is an important signaling compound during bacterial sporulation and germination (3) and has also been found to regulate osmotic shock responses in Gram-positive bacteria (4, 5) . More recently, a third type of cyclic dinucleotide called c-AMP-GMP (Fig. 1A , Bottom) was found to be required for Vibrio cholera virulence (6) .
Although bacterial c-AMP-GMP is formed via two 3′,5′-phosphodiester linkages, metazoans produce an analog with one 2′,5′-phosphodiester linkage and one 3′,5′-phosphodiester linkage (7) (8) (9) . This natural structural variant has been identified as important for triggering innate immune responses in metazoans (7) (8) (9) (10) (11) . Far greater diversity of cyclic dinucleotides is possible by varying either the nucleotide composition or the manner in which dinucleotides are joined. Therefore, many additional types of cyclic dinucleotides might await discovery in nature where they might regulate other critical cellular processes.
Our approach to uncovering the chemical structures and biological functions of cyclic dinucleotide signaling compounds is to discover their RNA receptors. Three different riboswitch receptor classes have already been discovered that respond to c-di-GMP (12, 13) and c-di-AMP (5) . Riboswitches are structured noncoding RNA (ncRNA) domains that selectively bind a small molecule or ion and thereby trigger a change in the expression of associated genes (14, 15) . The majority of riboswitch ligands are composed of or derived from nucleotides, which supports the hypothesis that RNA-based metabolites and their riboswitch partners might descend from primordial RNA world organisms (16) . If true, then cyclic dinucleotides and their receptors might be modern reflections of ancient signaling pathways. Regardless of their origins, the discovery of each new regulatory RNA motif that selectively recognizes a second messenger also reveals a superregulon for the signaling compound and the biology that it controls (5, 12, 13) .
Given that the diversity of natural cyclic dinucleotides might be greater than is currently known, and given that some riboswitch classes have undergone subtle changes to adapt to different ligands (17) (18) (19) (20) , we re-examined known cyclic dinucleotide riboswitch classes and their associated genes for evidence of unidentified ligands or riboswitch classes. Of special interest were those RNAs that both carry mutations in the core of the ligand-binding aptamer and have gene associations considered unusual for the parent riboswitch class. Through these efforts, we identified a subset of riboswitches within the c-di-GMP-I riboswitch class (12) that we hypothesized might bind a different ligand. In the current study, we demonstrate that these riboswitches recognize c-AMP-GMP and control a set of genes that are important for the utilization of iron(III) oxide in exoelectrogenesis.
Results and Discussion
Variant c-di-GMP-I Riboswitch Aptamers Recognize c-AMP-GMP. Approximately 6,800 sequences conform to the c-di-GMP-I riboswitch class consensus (12) , which was formerly called the Genes for the Environment, for Membranes and for Motility (GEMM) motif (21) . Predominantly found in species of Bacillales, Clostridia, Deltaproteobacteria, and Gammaproteobacteria (Fig. S1 ), the vast majority have aptamer sequences and gene associations that are typical for c-di-GMP binding and control. For example, c-di-GMP riboswitches commonly control genes involved in pilin formation, chemotaxis, signaling, and the synthesis and degradation of c-di-GMP (12, 13) . However, numerous variant aptamer sequences that have unusual gene associations were identified in Deltaproteobacteria. The expression of some of these gene types, such as those
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The cyclic dinucleotides c-di-GMP and c-di-AMP are responsible for controlling broad changes in cell phenotypes during the life cycles of many bacterial species. To date, riboswitches that sense c-di-GMP and c-di-AMP have been discovered. The genomic locations of riboswitches reveal numerous genes that are controlled by these signaling compounds and thereby reveal the biological processes that are regulated. Herein, we report that a subset of conserved noncoding RNA domains previously annotated as c-di-GMP-I riboswitches in fact bind the newly discovered second messenger c-AMP-GMP. These riboswitches control many genes involved in the utilization of extracellular iron(III) oxide as an electron sink by various Geobacter species. Our findings reveal additional roles for this recently discovered signaling molecule. related to peptidoglycan biosynthesis or remodeling, are known to be controlled by c-di-AMP riboswitches in Gram-positive bacteria (5) . Therefore, we hypothesized that the variant RNAs might have a different ligand specificity compared with the more common c-di-GMP-responsive riboswitches.
Much of the ligand specificity of c-di-GMP-I riboswitches is derived from two conserved nucleotides within the aptamer (22) (23) (24) (25) , hereafter called G20 and C92. All of the aptamers with the unusual gene associations noted above carry a G20A mutation, which also suggests a potential change in ligand specificity. To determine the ligand specificity of the variant aptamers, an aptamer construct called 100 erfK (Fig. 1B) and derived from Geobacter metallireducens was subjected to in-line probing (26) in the presence of various cyclic dinucleotides. In-line probing exploits the propensity of phosphodiester linkages to spontaneously cleave with speeds that depend on local RNA structure (27) . Both c-di-GMP and c-AMP-GMP at 10 μM considerably decrease the amounts of RNA products generated by spontaneous cleavage in regions comprising the ligand-binding core of the aptamer (Fig. 1C) , which reveals that both second messengers modulate the structure of this RNA construct. However, the 100 erfK aptamer is capable of strongly discriminating against c-di-GMP (K D ∼2,000 nM) while favoring c-AMP-GMP (K D ∼3.2 nM) by nearly three orders of magnitude ( Fig. 1D and Fig. S2 ).
Several variant riboswitch representatives from other Deltaproteobacteria species were tested to determine if they preferentially recognize c-AMP-GMP. Indeed, all such RNAs examined that carry the G20A variation are strongly selective for c-AMP-GMP, whereas a representative that retains the G20 sequence is selective for c-di-GMP ( Fig. 2A) . These data strongly suggest that the 100 erfK construct and the other variant aptamers from Deltaproteobacteria represent a distinct riboswitch class that is triggered by c-AMP-GMP, rather than by c-di-GMP. This conclusion is also supported by the findings of another recent study (28) .
Mutational analysis and other experiments reveal that the nucleotide at position 20 is not the only determinant of ligand selectivity for c-AMP-GMP over c-di-GMP. Reversion of the adenosine at position 20 of 100 erfK to guanosine yields a construct (M1, Fig. 1B ) that recognizes both c-di-GMP and c-AMP-GMP with nanomolar affinity (Fig. S3 and Table S1 ). This result is similar to that for c-di-GMP-I riboswitches, where incorporation of an adenosine in place of guanosine at this same position also leads to nonselective binding (29) . Thus, although the G20A alteration is necessary to improve binding of c-AMP-GMP, changes elsewhere in the aptamer likely assist in discrimination against c-di-GMP.
Riboswitches That Sense c-AMP-GMP Are Found in Deltaproteobacteria.
Interestingly, some WT RNA aptamer representatives from Firmicutes that carry the G20A variation do not discriminate well between c-di-GMP and c-AMP-GMP ( Fig. 2A) . It is possible that G20A riboswitches residing in other bacterial lineages are naturally bispecific and capable of gene regulation in response to either second messenger. Alternatively, if c-AMP-GMP is not being produced by most species outside of Proteobacteria, there would likely be no selective pressure on the riboswitch to discriminate against c-AMP-GMP. Several observations support the latter possibility. For example, we find that the G20A variation is enriched in Deltaproteobacteria, where more than 50% of all GEMM motif RNAs carry an adenosine at position 20 ( Fig. S4 ). These variants typically are associated with genes not known to be controlled by c-di-GMP (Dataset S1). In contrast, only 15% of GEMM motif RNAs from other lineages carry the G20A mutation, and the majority of these RNAs remain associated with genes that are commonly controlled by c-di-GMP. Furthermore, homologs of the dinucleotide cyclase DncV, which has been demonstrated to synthesize c-AMP-GMP in V. cholerae, have to date been identified only in Proteobacteria (6). However, given how little is known about c-AMP-GMP and the enzyme(s) that synthesize it, the possibilities that c-AMP-GMP is present in other bacterial lineages or that other populations of c-AMP-GMP riboswitches exist cannot be ruled out.
To search for other nucleotide changes needed to increase selectivity for c-AMP-GMP, we created a consensus sequence and structural model for c-AMP-GMP aptamers by comparing ∼100 representatives from Deltaproteobacteria (Fig. 2B) . Several additional differences are evident in c-AMP-GMP aptamers relative to those for c-di-GMP-I (Fig. 2B and Fig. S4 ), and additional mutational analyses suggest that a combination of these changes is necessary to create highly selective riboswitches for c-AMP-GMP (Fig. S5) . For example, reversion of position 20 to a G and deletion of a portion of the internal loop in P1 yields a construct (M8, Fig. S5 ) that is more selective for c-di-GMP than for c-AMP-GMP (SI Text).
Control of Gene Expression by c-AMP-GMP Riboswitches. Most c-AMP-GMP riboswitches are predicted to carry an intrinsic terminator stem (30) that partially overlaps the P1 and P3 stems of the aptamer domain. Thus, c-AMP-GMP binding is expected to preclude formation of the terminator stem and increase expression by promoting transcription of the adjoining ORF. One c-AMP-GMP riboswitch with this arrangement (Fig. 3A) is found upstream of the pilMNOPQ operon in G. metallireducens (Fig.  3B) . Addition of c-AMP-GMP to single-round in vitro transcription assays triggers a large increase in transcript elongation (Fig.  3C) , which is consistent with regulation of transcription termination. In contrast, no increase was observed with the addition of c-di-GMP or c-di-AMP. Similar findings were observed for a second riboswitch from G. metallireducens found upstream of a gene encoding a cytochrome c protein (Fig. S6) . These results demonstrate that these riboswitches regulate gene expression in response to c-AMP-GMP and confirm the binding data indicating strong discrimination against other cyclic dinucleotide second messengers.
Genes Involved in Exoelectrogenesis Are Controlled by c-AMP-GMP.
Previous evidence indicates that c-AMP-GMP is important for virulence in V. cholerae and that overexpression of dncV leads to diminished bacterial motility (6) . By examining the genes controlled by c-AMP-GMP riboswitches, the roles for this signaling molecule in Deltaproteobacteria can be predicted. Genes encoding numerous cytochrome c proteins, including OmcS and OmcT (31, 32) , as well as proteins involved in the formation of pilin motifs and aromatic amino acid biosynthesis (Fig. S7) , reside immediately downstream of c-AMP-GMP riboswitches (Fig. 4) . These genes are almost never associated with predicted c-di-GMP-responsive riboswitches and therefore likely constitute a distinct superregulon controlled by c-AMP-GMP.
Many of these gene products belong to protein families that are responsible for the extracellular reduction of insoluble metal complexes such as iron(III) oxide (31, (33) (34) (35) . Indeed, G. sulfurreducens strains selected for improved rates of iron(III) oxide reduction carry mutations within a riboswitch that increase expression of the adjoining cytochrome c gene and improve electric current generation (36) . Based on the sequence and binding characteristics of the WT aptamer (Fig. S8) , we conclude that this RNA is part of a c-AMP-GMP riboswitch. Numerous additional links between c-AMP-GMP riboswitches and exoelectrogenesis-related genes are evident (SI Text). Other genes associated with c-AMP-GMP riboswitches also are likely to be important for exoelectrogenesis, and therefore we speculate that c-AMP-GMP functions as a second messenger to trigger or enhance exoelectrogenesis in many Geobacter species.
The identification of a c-AMP-GMP-responsive regulon that controls exoelectrogenesis in Geobacter spp. suggests similarities between colonization of humans by V. cholerae (6) and utilization of iron oxide by Geobacter spp. in soil. In both instances, expression of various pilin motifs is affected, and there are indications that c-AMP-GMP might indirectly control the initial stages of adherence in both organisms. In V. cholerae, mannose-sensitive hemagglutinin (MSHA) pilus expression is repressed by accumulation of c-AMP-GMP (6), whereas, in Geobacter, expression of the pilMNOPQ operon is induced by it (Fig. 3C) . Both the MSHA pilin and pili in G. sulfurreducens have been shown to be important for agglutination (37, 38) . Perhaps in these organisms the initial stages of adherence to an insoluble metal oxide or a eukaryotic cell might rely on the same general signaling mechanisms.
Opportunities for Additional Discoveries Regarding Cyclic Dinucleotide
Signaling in Bacteria. Our findings suggest that a major role of c-AMP-GMP in Deltaproteobacteria is to regulate the onset of exoelectrogenesis, similar to the roles that c-di-GMP plays in biofilm formation and that c-di-AMP plays in sporulation. However, some species likely use c-AMP-GMP to regulate other specialized physiological processes. Intriguingly, some RNAs examined in our study that were more diverged from the original GEMM consensus or that carried mutations at position 92 failed to bind any known cyclic dinucleotide (SI Text). Some of these rare riboswitch variants also have unusual gene associations (Dataset S1), suggesting that more receptors for undiscovered second messengers might exist.
Over the past 6 y, three previously unidentified signaling molecules and their riboswitch receptors have been identified, making it likely, if not inevitable, that more such RNA-derived signaling molecules and riboswitch partners remain to be discovered. Obvious candidates for signaling molecules include the other possible combinations of circularized dinucleotides. Additional RNAderived or nucleotide-like second messengers include the long-known compounds cAMP, cGMP, ppGpp, and a more recent validated signaling molecule called ZTP (39, 40) . Although there are no known riboswitch classes for cAMP, cGMP, and ppGpp, a widespread bacterial riboswitch has recently been discovered that senses ZTP (40).
Conclusions. We have identified a class of riboswitches that recognizes the second messenger c-AMP-GMP in Deltaproteobacteria. These RNAs have a similar secondary structure to the previously discovered c-di-GMP-I riboswitch class, but carry some Table S2 for the assignment of genes to various categories.
key differences. Most notably, a nucleotide that normally directly contacts the c-di-GMP ligand is altered in RNAs that bind c-AMP-GMP. These variant riboswitches are also found upstream of a set of genes that are largely distinct from genes commonly controlled by c-di-GMP-I riboswitches. These genes are important for exoelectrogenesis in various Geobacter spp. and lead us to speculate that one role of c-AMP-GMP is to regulate this important bacterial process. Our findings also suggest that additional cyclic dinucleotides and riboswitch receptors remain to be discovered (SI Text). The presence of signaling molecules composed of RNA, as well as widespread RNA-based receptors for some of these compounds, suggests that such signaling mechanisms may have been very common during the latter stages of the RNA world (16) . Over the past 12 years, we and others have identified more than 30 different riboswitch classes, and more than two-thirds of them recognize compounds composed of or derived from RNA. Given the widespread distribution of some of these signaling compounds, it is possible that certain riboswitch-ligand partners are modern descendants of ancient signaling networks.
Regardless of the origin of the known riboswitch classes, we speculate that many additional riboswitch and signaling compound pairs remain to be discovered, albeit they might be rarer than those already known and they also might have emerged through evolutionary processes long after most RNA world systems were replaced by protein systems. As the more common riboswitch classes continue to be discovered, the pace of discovery likely will begin to slacken. However, we are confident that additional, structured ncRNAs will continue to be identified, illustrating the many and varied roles that RNA is capable of in our modern world and was capable of when life first evolved.
Materials and Methods
Chemicals and Reagents. Cyclic dinucleotides were purchased from Biolog Life Science Institute. [γ-32 P]ATP was obtained from Perkin-Elmer and used within 3 wk of receipt. Bulk chemicals were purchased from J. T. Baker unless otherwise noted. Enzymes were purchased from New England Biolabs unless otherwise noted. All solutions were prepared using deionized water (dH 2 O) and either autoclaved or filter-sterilized (using 0.22-μm filters, Millipore) before use.
Bioinformatic Analysis of GEMM Motif RNAs. An updated list of RNAs conforming to the GEMM RNA motif consensus was acquired using a previously published alignment (21) as an input and Infernal 1.1 (41) . The search was performed using the bacterial subset of RefSeq version 56 and metagenomic sequences from acid mine drainage, soil and whale fall, human gut, mouse gut, gutless sea worms, sludge, Global Ocean Survey scaffolds, other marine sequences, and termite hindgut (42) (43) (44) (45) (46) (47) . The new list of representatives contained ∼6,800 hits, which is a more than 10-fold increase from the original GEMM list. Incomplete sequences or sequences that did not reasonably fit the consensus model were removed, and the alignments of the remaining sequences were manually adjusted. Sequences within the resulting alignment were then grouped according to bacterial lineage. Because most candidates appeared within Bacillales, Clostridia, Deltaproteobacteria, and Gammaproteobacteria, these four groups were further studied as follows. Using R2R (48) , the riboswitch candidates of each phylum were divided into three groups based on nucleotide identity at the 20th position: G (most common), A, or Y (U or C). Dataset S1 was then assembled listing the sequence and genomic location of each RNA, along with the genes it presumably controls.
Genes hypothesized to be controlled by c-AMP-GMP and c-di-GMP-I riboswitches in Deltaproteobacteria were then manually assigned to one of a number of different gene categories as presented in Table S2 . Notably, in several instances, we observed genes typically controlled by c-AMP-GMP riboswitches upstream of the riboswitch, rather than downstream (Dataset S1).
In-Line Probing. Generation of radiolabeled RNA transcripts and subsequent inline probing was performed as described previously (5, 26, 27) . Briefly, synthetic DNA templates containing the desired aptamer and T7 RNA polymerase promoter sequence were assembled via primer extension of overlapping forward and reverse primers using SS II reverse transcriptase. A full list of primer sequences can be found in Table S3 . The resulting template was then incubated with T7 RNA polymerase and a transcription buffer mixture (80 mM Hepes, pH 7.5 at 25°C, 24 mM MgCl 2 , 2 mM spermidine, 40 mM DTT) to generate RNA. Following PAGE purification of the desired RNA, the 5′ end of the RNA was dephosphorylated (Roche Quick Dephosphorylase) and subsequently radiolabeled using γ-[ Partial digestions with RNase T1 or with hydroxide were conducted as described previously (5, 26, 27) , and products of spontaneous RNA cleavage were separated by PAGE and quantified by using a phosphorimager.
In Vitro Transcription Assays. Single-round in vitro transcription assays were conducted largely as described previously (5) . DNA templates were assembled by PCR and contained the lysC promoter from Bacillus subtilis to initiate transcription (49) followed by the riboswitch and approximately 60 nucleotides following the intrinsic terminator stem to aid in resolution of the two products. Approximately 2 pmol of DNA template was added to a transcription initiation buffer on ice [40 mM Tris·HCl (pH 7.5 at 25°C), 150 mM KCl, 1 mM MgCl 2 , 10 μg mL −1 BSA, 1% glycerol, 0.04 U μL −1 E. coli RNA polymerase holoenzyme (Epicenter), 1.5 μM GTP, 2.5 μM CTP, and 2.5 μM ATP]. Approximately 5 μCi α-32 P-GTP was added to the transcription mix, and the reaction was allowed to proceed at 37°C for 10 min. The reaction mixture was placed on ice, and 8-μL aliquots were added to individual tubes. One microliter of ligand and 1 μL of elongation mix (1× initiation buffer, 150 μM ATP, GTP, and CTP, 50 μM UTP, and 1 mg/mL heparin) were then added, and the reactions were incubated at 37°C for an additional 20 min. The reaction products were analyzed by PAGE, and the extent of elongation was determined as described previously (18) .
